The omnipresence of Arthrobacter species in polluted and toxic soils indicates their great potential in environmental biotechnologies, but practical applications of these bacteria are scarce mainly due to the availability of useful genetic engineering tools. Although many fully sequenced Arthrobacter genomes have been deposited in GenBank, little is known about the biology of their plasmids, especially the core functions: replication and partition. In this study the available Arthrobacter plasmid sequences were analyzed in order to identify their putative replication origin. At least the oris from the cryptic plasmids pXZ10142, pCG1, and pBL1 appear to work in this genus. Based on ParA homolog sequences, the Arthrobacter specific plasmids were classified into 4 clades. Iteron-like sequences were identified on most of the plasmids, indicating the position of the putative Arthrobacter specific oris. Although attempts were made to identify the core gene set required for plasmid replication in this genus, it was not possible. The plasmid proteomes showed a rather low similarity.
INTRODUCTION
The genus Arthrobacter is a member of the family Micrococcaceae [1] and includes Gram-positive, obligate aerobes and nonmotile bacteria. Representatives of this genus are often found in both contaminated and pristine soils, where they represent an important fraction of the culturable bacteria [2] . Some notable features of arthrobacters are their changing shape during the life cycle from rod shaped to coccoid bacteria, their resistance to desiccation [3] , ionizing radiation [4] and cold [5] as well as their ability to metabolize a wide range of natural and man-made compounds, including nicotine, phenanthrene [6] , 4-chlorophenol [7] , dimethyl sulfone [8] and atrazine [9] . Their omnipresence in soil as well as the attractive metabolic profile has led to an avalanche of 38 fully sequenced genomes to be deposited in GenBank in recent years. Despite the significant biotechnological potential of these bacteria, their practical application has been seriously hampered by the scarce availability of useful tools for Arthrobacter genetic engineering. Up to now only a few vectors for the bacteria of the Arthrobacter genus have been created. Most of them have been constructed using the replication origin from cryptic plasmids of bacteria phylogenetically related to Arthrobacter species such as Corynebacterium [10, 11] or Brevibacterium [10, 12] . Although the vectors p54 [13] and pRH [2] have been isolated from Arthrobacter species, these are cryptic plasmids too, replicating also in Rhodococcus species. Most of the fully sequenced Arthrobacter strains harbor 1 to 3 plasmids of varying size from 2 kb to more than 300 kb. Some of the Arthrobacter plasmids encode various unusual metabolic pathways [14] [15] [16] , providing increased metabolic versatility and thus allowing the bacteria to occupy different niches. Despite their environmental and evolutionary significance, very little is known about the plasmid biology in Arthrobacter, especially when it comes to their core maintenance functions: replication and partition. In the current study, a comparative genomics approach was used to classify the Arthrobacter plasmids and to identify the putative core gene set required for the basic maintenance functions. While this is not the first comparative study of Arthrobacter plasmids (see Jerke et al., who analyzed eight plasmid sequences available in 2008), we have extended the study to 30 plasmids and focused on identification of the putative replication origins functioning in the genus Arthrobacter. Even if the computational analysis of sequence data cannot substitute for molecular and biochemical experiments, these data can provide some valuable insight into the genetics, physiology, and ecology of Arthrobacter and serve as a basis for generating hypotheses for future research.
MATERIALS AND METHODS
All sequences were downloaded from GenBank (http://www.ncbi.nlm.nih.gov/ genbank/index.html) using the accession numbers provided in Table 1 . Basic sequence statistics (GC content, number of amino acids) as well as proteome wide comparisons for core-genome plot analysis were performed with CMG biotools [17] . For the proteome wide comparisons a local database containing all Arthrobacter plasmid CDS sequences was created and BLAST was used to identify hits using BLOSUM62 as a scoring matrix, a gap existence cost value of 11 and a gap extension cost of 1. The cutoff for a hit was 50 % identity and 50 % coverage of the longest gene. Amino acid sequence alignments were performed using ClustalW [18] using the BLOSUM scoring matrix, a gap open penalty of 10 and a gap extension penalty value of 0.1. The evolutionary relationships were inferred by using the maximum likelihood method based on the JTT matrix-based model [19] . Initial tree(s) for the heuristic search were obtained by applying the Neighbor-Joining method to a matrix of pairwise distances estimated using a JTT model. Evolutionary analyses were conducted in MEGA6 [20] . Analysis of the full ParA phylogeny was performed using a subset of the sequences analyzed by Funnell and Slavcev 2004 [21] and obtained from the GenBank database:
pRA2(AAD40334) as well as the Arthrobacter sequences listed in Table 2 . Basic manipulation of sequences and annotation extraction was performed with Geneious 8.0.5 (www.geneious.com, [22] ). 
RESULTS AND DISCUSSION

Arthrobacter plasmids overview
We have compared 30 sequenced plasmids found in the GenBank database which are associated with the Arthrobacter genus, 23 of them being described only in this genus and 7 being cryptic or artificial plasmids known to replicate in both Arthrobacter and other corynebacteria. All of them are circular, except for the catabolic plasmid pARUE113, which is linear [15] . The size of the plasmids ranges from 1.9 to 426.8 kb, with overall GC contents between 52.24 and 66.44%.
Plasmid partitioning systems
Except for the cryptic plasmids and pA3, the Arthrobacter specific plasmids are large and are likely to have a low copy number. Therefore, an active partitioning system would be required to segregate the plasmids to daughter cells. There are three major classes of plasmid segregation systems, namely ParA (type I), ParM (type II) and TubZ (type III). These classes are defined by their motor proteins, with type I characterized by Walker A cytoskeletal ATPase proteins (ParA), type II by the actin-like proteins (ParM) [23] and type III by the tubulin-like proteins (TubZ) [24] . With the exception of the small, under 10 kB plasmids pA3 and pRE117-2, all the Arthrobacter specific plasmids showed positive hits for ORFs related to the ParA partitioning protein ( Table 2 and Supplementary Table 1 in Supplementary material at 10.1515/cmble-2015-0036_sm1). Based on their sequence, these putative plasmid-partition related proteins can be clustered into 4 different clades ( Fig. 1) , with the amino acid sequence identity ranging from 13% to 83% for clade I, 26% to 92% for clade II, 28% to 89% for clade III and 48% to 100% for clade IV. With only one exception, in the case of the plasmids co-existing in the same hosts, the putative ParA proteins are located on separate clades, as one would expect from the known role of partitioning proteins in plasmid incompatibility [25] . The exception is represented by the plasmids pASPHE301 and pASPHE302, which both have ParA sequences in clade IV. Still, the pASPHE301 plasmid contains two ParA sequences (YP_004243332 and YP_004243329 ), the second one being more related to the clade I protein sequences. The amino acid sequence from pChr15 clustered separately from all other Arthrobacter plasmid ParA sequences, a finding that is in good accordance with the previous report of Jerke et al. [26] . Genes encoding putative ParB proteins have been identified only in 15 out of 23 Arthrobacter specific plasmids (Table 2 and Supplementary Table 2 in Supplementary material at 10.1515/cmble-2015-0036_sm2), which are generally distributed across all clades. Plasmids lacking ParB genes have been reported in a limited number of cases and could be explained by either the ability of some ParA proteins to partition plasmids in the absence of ParB or by the fact that the ParB function is encoded by a gene without any homology with known parB genes [26] . Usually, genes for parA and parB are located in an operon, adjacent to one another, because this arrangement facilitates the auto-regulatory function of ParA [24] . When both the parA and parB related genes are present on an Arthrobacter plasmid, the two genes are separated by at least about 20 kb (Table 2) . This feature has been postulated as a characteristic feature of Arthrobacter plasmids [26] , and our data further support this hypothesis. 2 . Localization of directly repeated sequences upstream from the parA start codon. For all plasmids, the name of the plasmid is followed by the GenBank accession number of the ParA protein and an upstream 1 kb sequence is represented (shown) (ending with) including the parA start codon. The putative ORFs and genes are marked by yellow and green arrow blocks, respectively, and the direct repeats are represented by blocks in various colors. Within the same plasmid, the same color of a directly repeated block means the same sequence.
Plasmid replication
Three general replication mechanisms have been described for circular plasmids: the theta type, strand displacement and rolling circle (RC) [27] . The pPRH and pBLA8 plasmids belong to the pXZ10142 theta replicating plasmid family, and their minimal replication operon consists of repAB genes as well as a small sequence located upstream of the repA gene that shows a remarkable homology to the typical ColE2-type ori [2] . The p54 and pSVJ21 plasmids also replicate by using the theta type mechanism [13] . Plasmids pCG100 [28] , pCG1100, pCG2100 [10] , pART2 and pART3 [11] are all derived from the pSR1 plasmid (also named pCG1) [29, 30] , while pULRS8 [31] and pBL2100 [10, 32] are derived from the pBL1 plasmid [33, 29] . Both pBL1 and pCG1 replicate by the same mechanism, namely the rolling cycle (RC) [29] . The RC and the theta mechanisms are thus used for the replication of the cryptic plasmids in Arthrobacter, and at least the known oris of pXZ10142, pCG1, and pBL1 plasmids do function in this genus. For the other 23 plasmids described only in Arthrobacter species, we were unable to identify any ORFs with similarity to the known rep genes from the pXZ10142, pCG1, and pBL1 plasmids. Apparently, some other replication origins yet to be described must be involved in plasmid replication in Arthrobacter. Because ParA homologs are often found adjacent to putative origins of replication, we examined the upstream regions for sequences, such as iterons, that would indicate a putative origin of replication. With the exception of plasmids from clade I as well as the plasmid pFB24-136, on all the plasmids directly repeated sequences could be identified within the 1 kb region upstream from the putative parA genes (Fig. 2) . The sequences range from 6 to 26 bp and, with only a few exceptions, are located in the intergenic region between parA and its upstream neighbor. It is highly probable that these sequences function as iterons and thereby mark the replication origin of the plasmids. Nevertheless, as we were unable to clearly identify any putative DnaA box sequences and could not find any indication from the Z-curves [34] that these are indeed the plasmid ori sequences, further data would be required to sustain this hypothesis.
Core gene set BLAST algorithm (Basic Local Alignment Search Tool)-based comparisons were performed to identify whether there are any other unknown proteins shared by the Arthrobacter specific plasmids. In Fig. 3 , the main part of the matrix (shaded greens and grays) consists of pairwise plasmid proteome comparisons, and the bottom row (shaded red) represents a self-comparison where a hit within the plasmid proteome to a protein other than the query is identified as an internal homolog or a paralog. The BLAST matrix indicates that conservation between the Arthrobacter specific plasmid proteomes is rather low, with several plasmid pairs that have not even one shared hit. As expected, the plasmids belonging to the same clade as defined by the parA phylogenetic analysis have at least one common gene (the parA gene). A set of core genes which encode the basic functions of all the Arthrobacter plasmids could not be detected. An interesting case is clade IV and plasmid pJ337-114, where the homology between the plasmids is unusually large, reaching up to 62.9 %. Still, beside the parA gene, the clade IV plasmids share only one more ORF, namely a putative CHAP amidase. The CHAP containing proteins are often involved in cell wall metabolism of bacteria [35, 36] . The role of this amidase in Arthrobacter plasmids is still elusive, but one might implicate it in plasmid conjugation.
CONCLUSION
A total of 30 plasmids belonging to Arthrobacter species found in the GenBank database were analyzed. The known origins of replication of pXZ10142, pCG1 and pBL1 which can be found on the Arthrobacter cryptic plasmids appear to function in this genus, but these replication origins are not shared by any of the Arthrobacter specific plasmids. Direct repeat sequences within the 1 kb region immediately upstream from a putative parA were identified on most of the plasmids marking the putative replication origin. No other ORFs with similarity to known replication genes could be identified, a result similar to that reported previously [26] . The putative parA protein sequences show the Arthrobacter plasmids clustered together in 4 clades which are distinct from analogous genes identified in other taxa. Moreover, plasmids sharing the same host are placed in different clades. Similar results have been reported by other comparative studies on plasmids from different environments and taxa [37, 38, 39] . A set of core genes of replication and partition common to all the Arthrobacter plasmids could not be identified, indicating that the plasmid diversity within this genus exceeds what can be inferred from the study of the available sequences. Future work is required on both isolation and sequencing of Arthrobacter plasmids and on confirmation of the functions of putative partition and replication genes.
